Abstract Production of pectinases by Aspergillus niger was successfully carried out through solid state fermentation. Orange pomace was used as substrate to produce pectinases using a wild type of A. niger isolated from a rotten orange texture. Some of the important parameters affecting exo-and endo-pectinases activities such as temperature, moisture, C/N ratio were optimized. The results indicated that the produced pectinases exhibited maximum activity in temperature range of 45-55°C and the maximum enzyme productivity occurred at 70% moisture content and C/N ratio of 10. The enzyme kinetic was studied using Michaelis-Menten and Logistic model and the equation were fitted to experimental data for both exo-and endo-pectinases activities. In evaluation of kinetic model, it was found that Monod model presented perfectly fitted with experimental data. Monod kinetic parameters ðl max and K S Þ for exo-pectinase activities were 771:7 lM min À1 and 31:91 mM, respectively. The Monod kinetic parameters ðl max and K S Þ for endo-pectinase activity were 48:19 mP min À1 and 478:3 mM; respectively. Finally, the performances of the produced pectinases were evaluated on natural apple juice. It was confirmed that concentration of soluble sugar, clarity and viscosity of the juice and the yield of extracted juice were significantly improved by the enzymatic hydrolysis activity of pectinases.
Introduction
Enzyme production via solid state fermentation (SSF) has been proposed as an alternative method to submerged fermentation (SmF). SSF processes are interesting for countries with abundant agricultural and industrial solid wastes (Smits 1998) . In Asian countries, application of SSF technology in industrial scale for enzyme production is considered as a reliable fermentation process. Nevertheless, there are still lots of challenges for implementation of SSF technology at large scale due to lack of suitable bioreactor with controlling units and accessories for SSF process which guarantee an acceptable production yield (dos Santos et al. 2004) .
Pectinases are the most important groups of enzymes that can be obtained in SSF much effectively than SmF (Maldonado and De Saad 1998) . Pectinases are responsible for the hydrolysis of pectinic chain found in the plant cell walls. Pectin is a galacturonic acid-rich polymer in primary cell wall and middle lamella of plant cells which plays an important role as a structural component. It is responsible for maintaining the integrity and safety of plant tissues (MacDougall et al. 2001; Palin and Geitmann 2012) . Pectin is plentifully found and characterized in several fruits, vegetables and agricultural residues. If pectin is hydrolyzed by pectinases; then, the plant cell is ruptured and the cell components are released.
Pectinases are widely used in fruit juice industry for the improvement of the quality of extracted juice. The enzyme enhances the process yield and accelerates the clarification of extracted juice (Saxena et al. 2014; Shah et al. 2015) .
However pectinases is not recommended to be used for orange juice, because pulp precipitation which forms a two phase configuration in orange juice is unattractive and unmarketable. Thus pectinases should be controlled in orange juice by thermal treatment (Baker and Bruemmer 1972) .
Pectinase are also used for oil extraction, degumming of plant fibers in pulp and paper industry; and also involved in specialized food applications like extraction of bioactive compounds (Hoondal et al. 2002; Bisht et al. 2015) .
Produced pectinases by Aspergillus species are commercially important for beverage industries. Several forms of pectinases have been produced by Aspergillus species (Antier et al. 1993) . In this study, A. niger was isolated from orange which seems to be well adapted to pectic substrate. According to literature (Maldonado and De Saad 1998) , it is confirmed that pectin induces pectinase production. Therefore, it would be suitable and preferable to use pectin as substrate for pectinase production. Table 1 summarizes pectin percentages of fruits and citruses peels which are the main sources of pectin in the nature. Citruses are plentiful and locally available in fruit markets. Furthermore, citrus peel can be used in its original form without any specific pretreatment in solid state fermentation.
The structure of an orange has different parts including albedo, flavedo and lamella. All these parts contain a percentage of pectin; but albedo is the most important source of pectin in an orange (Liu et al. 2006) . Therefore, selection of a species of orange for pectinase production, it should be remembered that high pectinases production yield can be achieved by species which contains more albedo part.
Several effective parameters can influence on the activity of obtained pectinase, the most important parameters are; temperature, pH, moisture content and C/N ratio. These parameters were extensively studied with different species of microorganisms as enzyme producers. In this work, we optimized these parameters and the effect of extracted enzyme at optimum condition was tested on the quality of apple juice. Furthermore, enzyme kinetics was studied to determine the produced enzyme's affinity toward the substrate.
Materials and methods

Microorganism isolation
A wild type Aspergillus niger was isolated from a rotten orange by streaking technique according to the features specified by Najafpour (2015) . The screened and isolated strain (see appendix of supplementary material for cultured strain) was cultured and maintained on a solid medium containing (in g per 100 mL distilled water): pectin, 1; yeast, 0.5; peptone, 0.5; MgSO 4 , 0.01; K 2 HPO 4 , 0.2 and agar, 1.5. The cultured media was monthly re-cultivated. 
Preparation of spore suspension
Substrate preparation and optimization of process parameters
Fresh orange pomace with initial moisture content of 30% was obtained from a local factory. Then ammonium sulfate and yeast extract (1:1) were added as nitrogen sources as proposed by Phutela et al. (2005) . Five grams of sterilized substrates taken in 250 mL Erlenmeyer flasks was used for each experiment. The experiments were carried out in triplicate and the average values were reported. The parameters selected for optimization were temperature (30, 40, 45, 50, 55, 60, 70°C) , moisture content (60, 65, 70, 75 and 80 wt%) and carbon to nitrogen ratio (C/N) (5, 10, 15, 30) . Substrate with desired C/N ratio was prepared by supplementation of the orange pomace (with carbon and nitrogen content of 32 and 1%, respectively) with ammonium sulfate and yeast extract as nitrogen sources. 
Enzyme extraction
The produced pectinases were extracted by washing the 96 h incubated culture using acetate buffer solution (pH 5). The extracted solution was filtered and centrifuged at 4000 rpm for 20 min to separate suspended spores, and the supernatant was kept at 3°C for further analysis (MinjaresCarranco et al. 1997 ).
Enzyme assay
Endo-pectinase activity was assayed in a reaction mixture containing 1 mL of extract and 18 mL of 2% pectin in acetate buffer solution (0.1 M, pH 4.5) and the mixture was incubated at 45°C for 30 min. Finally, the reduction in viscosity was determined by Ostwald capillary viscometer (distilled water was used as reference). One unit of endopectinase activity was defined as the amount of enzyme required to reduce the viscosity by 50% in 1 min (Acuña-Argüelles et al. 1995) . Exo-pectinase activity was assayed in a reaction mixture containing 0.3 mL of suitably diluted enzyme extract, 0.7 mL acetate buffer solution (0.1 M, pH 4.5) and 1 mL of 0.9% pectin in acetate buffer solution. The mixture was incubated at 45°C for duration of 30 min. Reducing sugars content of the solution were determined by DNS method (Miller 1959) . One exo-pectinase unit was defined as the amount of enzyme that catalyses the formation of one lmol of galacturonic acid per minute (Solis-Pereira et al. 1993 ).
Determination of kinetic parameters
For the determination of kinetic parameters, enzymatic reactions were carried out at the same conditions as described above (for determination of exo-and endopectinases activities) but using a constant amount of enzyme concentration (15 and 5.2, % v/v for exo-and endo-pectinases activities, respectively) and different initial pectin concentrations (0.463, 4.63, 13.9, 23.7 and 46.36%, mM for exo-pectinase activity and 5.426, 54.25, 238, 579.89 and 644.3 mM for endo-pectinase activity). Kinetic parameters for exo-and endo-pectinases activities were expressed by determination of the initial velocity at different concentration of substrate; then, Monod and Logistic equation were fitted to experimental data using MATLAB software (2013).
Evaluation of enzyme activity on apple pulp
Apples were sliced into 5 mm cubic size. Equal amount of chopped apples (50 g) were put into two beakers at the same conditions. One mL of extracted pectinase was added to one beaker and 1 mL deactivated pectinase (incubated and heated in boiling water for duration of 5 min) was added to another beaker. Both beakers were kept at 45°C for duration of 2 h and the produced juices were compared.
Result and discussion
Effect of temperature on enzyme activity
The exo-and endo-pectinases activities of the extracted enzymes were measured at different temperatures in the range of 30-70°C. The highest enzyme activities for both exo-and endo-pectinase were obtained in the temperature range of 45-55°C. These results were in accordance with reported data by Acuña-Argüelles et al. (1995) for exo-and endo-pectinase activities of the pectinases produced by A. niger. In addition, Siddiqui et al. (2012) reported that the obtained polygalacturonase from Rhizomucor pusillus was optimally active at 55°C.
Effect of moisture
Effect of initial moisture content of substrate as an influential parameter in SSF was investigated. The variation of exo-and endo-pectinase activities along with various moisture contents are shown in Fig. 1 . As result show, moisture content had profound impact on exo-and endo-pectinase activities. The results indicated that maximum activities were achieved at the initial moisture content of 70% (w/w). Moisture content is related to water activity which is one of the most important parameters for growth of microorganisms and its value increase with raising of water content, however in case of solid state fermentation presence of too much water in the solid may fill the inter particle spaces and as a result oxygen transfer may be limited in the microorganism environment. Although at the moisture content of above 70% the water activity increases; nevertheless, limited availability of oxygen to the microorganism hindered the cell growth and enzyme production. In a similar research, Patil and Dayanand (2006) reported the optimum moisture of 65% for production of pectinases through solid state fermentation of deseeded sunflower head by A. niger, which is nearly in accordance with our obtained results. In addition, they reported the optimum productivity of 34.2 U/g for exopectinase activity which is less than exo-pectinase productivity obtained in present work (45 U/g) at optimum moisture content. This is mainly due to the fact that orange pomace has more pectin in its structure than deseeded sunflower head and is more effective in stimulated pectinases production. Figure 2 depicts the obtained results which indicate that at C/N ratio of 10, maximum activity of exo-and endopectinase was achieved. In a similar research, Kurnar and Reddy (2008) obtained optimum C/N ratio of 5.96 for production of pectinase through solid state fermentation of Manihot utilissima by A. niger. This suggests that, among chemical and physical factors, the C/N ratio is an important parameter that needs to be optimized.
Effect of C/N ratio
Enzyme kinetics
Kinetic parameters for exo-pectinase activity were determined by quantifying the initial velocity of galacturonic acid production at different concentration of substrate; then, Monod and Logistic equation were fitted to experimental data. These rate equations are defined, stated as follows:
where s is the concentration of substrate (citrus pectin) in the reaction mixture and l max , K S and S max are constants. Kinetic parameters for exo-pectinase activity were determined by measuring the initial reaction rate of pectinases in production of soluble sugar in solutions contained different concentration of pectin. The kinetic parameters (l max and K S ) for Monod model were 771:7 lM min À1 and 31:91 mM; respectively. Also the kinetic parameters (l max and S max ) for Logistic model were 4:438 Â 10 À5 mP min À1 and À1:776 Â 10 4 mM; respectively. For exo-pectinase, the regression coefficients (R 2 ) for Monod and Logistic models were 0.998 and 0.991, respectively. As can be inferred from the very high regression coefficient Monod model was suitable for describing the kinetics of exo-pectinase activity.
Similarly, kinetic parameters for endo-pectinase activity were determined by quantifying the initial reaction rate of pectinases in reduction of viscosity of different concentration of pectin. The kinetic parameters (l max and K S ) for Monod model were 48:19 mP min À1 and 478:3 mM;
respectively. The kinetic parameter (l max and S max ) for Logistic model were 4:438 Â 10 À5 mP min À1 and À1:776 Â 10 4 mM; respectively. For endo-pectinase, the regression coefficients (R 2 ) for Monod and Logistic models were 0.999 and 0.937, respectively. Results indicated that Monod model was very appropriate to describe the kinetics of endo-pectinase activity as implied by the high regression coefficient.
Acuña-Argüelles et al. (1995) reported K S values for exoand endo-pectinase activities of the pectinases obtained through solid state fermentation were 2.05 and 270.4 mg mL À1 , respectively. Comparing these results with K S values obtained for exo-and endo pectinases activities in this study were 31:91 and 478:3 mM (6.19 and 194 mg mL À1 ), respectively. The obtained results reveal that pectinases obtained in this study have more affinity towards substrate in term of endo-pectinase activity; but it has a bit less affinity towards the substrate in term of exo-pectinase activity. Furthermore, Mutlu et al. (1999) found that the Michaelis-Menten parameters were l max = 0.0046 pectin % (w v -1 ) s -1 and K S = 1.137% w v -1 pectin for endo-pectinase activity of commercial pectinase (Pectinex Ultra SP-L) at 35°C (R 2 = 0.998).
Evaluation of enzyme on the quality of apple juice
Reduction in viscosity of apple juice by enzyme treatment
In fruit juice industries low viscosity of juice accelerates movement of the fluid in the heat exchanger so that Exo activity (U/g) Endo activity (U/g) C/N ratio endo activity exo activity Fig. 2 The effect of C/N ratio of solid media on production of exoand endo-pectinase activity by A. niger (at 30°C) pumping energy requirement decreases. In order to decrease the viscosity of crude juice, usually enzymatic treatment is carried out. To quantify, the effect of produced pectinases on juice viscosity, variation in the viscosity of 18 mL of apple juice was considered. The procedure was similar to the method described for endo-pectinase activity measurement. The results showed that the enzymatic treatment of apple juice by the synthesized enzyme reduced the viscosity of apple juice about 7.2%. The reduction in viscosity of various kinds of fruit juices including Pear, Kiwi, Banana and etc., through enzymatic treatment by pectinases were reported in the literature .
Enhanced sugar concentration of apple juice
Soluble sugar concentration increases due to action of pectinases on insoluble pectin which is suspended in apple juice. It was quantified by the described method for determination of exo-pectinase activity. The results indicated that suitable amount of enzyme can increase the soluble sugar by 7% (w/v), which implicate that sugar content of apple juice increased by the use of pectinases treatment. The beneficial point is enhancement of natural sugar; which is exactly contributed by its nature without addition of any synthetic sugar.
Pectate formation
Apple pectin is highly methylated. Pectin estrase is a kind of pectinases that strips methoxyl groups from pectin molecules as of the negative charge on pectin chains increases. In the presence of calcium ions calcium pectate is formed which is insoluble and gradually precipitate; finally, the clarified juice is produced. In order to evaluate the effect of extracted pectinase on apple juice, 1 mL of enzyme was mixed with 18 mL of apple juice ansd the mixture was filtered after 1 h (similar procedure was carried out for the deactivated enzymatic extract). The quantitative results revealed that pectate formation increased by 19% (see appendix of supplementary material for additional information).
Improvement of apple juice extraction
Enzymatic activity on natural apple was evaluated according to described method in materials and methods section. The results showed that extraction of juice in the beaker with active enzyme was 13 mL more than another beaker. This improvement in fruit juice extraction is very significant in industrial scale and demonstrates the important role of pectinases in fruit juice industry. The improvement in juice extraction for various kinds of fruits including apricot, pear, plum and etc., through enzymatic treatment by pectinases were reported in the literature .
Conclusion
In this study, attempt was made to produce pectinases via SSF with implication of a pectinases producing strain of Aspergillus niger. Furthermore, for maximum enzyme productivities, effective parameters such as temperature, moisture and C/N ratio were defined and the kinetic parameters were determined in optimum condition. In evaluation of kinetic model, it was found that Monod model presented perfectly fitted with experimental data. The Monod kinetic parameters ðl max and K S Þ for exopectinase activity were 771:7 lM min À1 and 31:91 mM, respectively. The Monod kinetic parameters ðl max and K S Þ for endo-pectinase activity were 48:19 mP min À1 and 478:3 mM; respectively. The produced pectinases also exhibited significant activity in natural pectinic environment. It was proved that the concentration of soluble sugar, clarity and viscosity of the juice as well as the juice extraction yield were significantly improved by pectinolytic activity. Therefore, it was concluded that pectinases are useful natural additives for juice industry.
